The rate of photoinduced ET in molecular systems is controlled by electronic coupling of the locally excited and charge transfer states.
Photoinduced electron transfer (ET) in biomolecules and organic heterojunctions is of increasing interest. [1] [2] [3] [4] [5] [6] [7] [8] . The ET rate is controlled by electronic coupling of the initial and final states. Several computational methods have been developed to derive the matrix element. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] These schemes, however, are not always accessible within a desired quantum mechanical (QM) model. For instance, to estimate the transfer integral between a locally excited (LE) state and a CT state with the Generalized Mullikene-Hush method, 9 the transition dipole moment between these states is required. However, common programs like Gaussian 09 19 (and its newest version Gaussian 16) often do not provide the transition dipole moment between excited states computed with the time-dependent density functional theory (TDDFT) method and therefore cannot be employed to obtain the coupling. There are also other issues that often prevent the use of standard calculations of the transfer integral (in most cases one needs a special computational code to obtain the coupling). In this paper, we consider a simple approach that allows one to estimate the coupling matrix element from routine QM calculations.
In their landmark study, 20 Bixon, Jortner and Verhoeven derived the expression
which links the electronic coupling V of the LE and CT states with the experimental vertical excitation energies E LE and E CT and oscillator strengths f LE and f CT . Because the quantities E and f are always available from QM calculations of excited states, eqn (1) can also be used in combination with the QM methods.
As noted explicitly by the authors, 20 eqn (1) is obtained on the condition that |V LE,CT /(E LE À E CT )| { 1, and thus cannot be applied to systems where the energy gap |E LE À E CT | and the coupling V LE , CT are of the same order of magnitude.
In this paper, we derive a more general expression
which within the two-state model is applicable to any molecular system including systems with a small energy gap. To demonstrate the performance of this simple scheme, we consider photoinduced charge separation in two heterojunction structures closely related to that studied experimentally by Gelinas et al. 21 Using the Gaussian 09 19 program, we carried out TDDFT calculations of excited state properties of the model and compare the coupling values derived using eqn (2) with reference data computed by the fragment charge difference (FCD) method. + -A À is generated by irradiation decay due to ET from the donor to the acceptor. The electronic interaction (coupling) of these pure states j LE and j CT with energies e LE and e CT determines the probability of the ET reaction. It also mixes j LE and j CT leading to ''borrowing intensity'' by the adiabatic CT (for more details see ref. (2) gives a well-known half-splitting formula for electronic coupling
In contrast, eqn (1) overestimates the coupling by a factor of 2 (see Fig. 1 ). Fig. 1 compares electronic couplings estimated with both eqn (1) and (2) for the 2-state model where E CT = 2.5 eV and E LE = 3.0 eV are kept constant but the ratio f CT /f LE is considered as a variable parameter.
As can be seen, eqn (1) and (2) give very similar results for f CT /f LE o 0.1. For larger values of f CT /f LE , eqn (1) overestimates the coupling.
If more than two diabatic states contribute to the LE and CT adiabatic states (for instance, the CT state is coupled with several LE states), a more complicated multi-state treatment has to be employed. Alternatively, the two state model can be modified to partially account for the multistate effects. If only two states, CT and LE, are coupled, transition dipole moments M CT and M LE are collinear, i.e. |cos g| = 1, where g is the angle between these vectors. Thus when a system with several interacting states is considered, the accuracy of the two-state scheme may be improved by using the projection of M CT on M LE instead of |M CT |. Then, the oscillator strength f CT in eqn (2) should be replaced by f CT cos 2 g.
Eqn (2) and (4) provide comparable coupling values if |cos g| 4 0.7. The value of |cos g| can also be used to decide whether the two-state model is applicable. If |cos g| o 0.7, the derived coupling may be inaccurate. Now we apply eqn 2 in combination with TDDFT calculations to a model heterojunction shown in Fig. 2 . The planar molecule containing thiophene and thiadiazole fragments is an electron donor. The C 60 fullerene serves as an electron acceptor. The heterojunction is similar to that experimentally studied by Gelinas et al. 21 Since ET coupling may strongly depend on the mutual position of the donor and acceptor, we estimate its value in two conformations of the complex, I and II, where the fullerene molecule is shifted from the centre of the donor by 7.9 and 3.4 Å, respectively. The distance between the plane of D and the lowest hexagon of C 60 in both conformations is 3.20 Å. Cartesian coordinates of I and II are listed in the ESI. † The TDDFT calculations were carried out with the B3LYP functional and the 6-31G* basis set using the program Gaussian 09. 19 The character of the excited states was analysed in terms of the transition density. 22 The reference coupling values were derived using the Fragment Charge Difference method (FCD) and the calculated transition density. 13 The first 3 transitions in both structures correspond to CT excitations. They are followed by a strongly absorbing LE state of the donor. The charge separation q in the CT states D +q A Àq is close to 1e. Table 1 lists excited state properties of the lowest (1) and (2). The energies of CT and LE states are set to 2.5 and 3.0 eV, respectively. The ratio of the CT and LE oscillator strength varies from 0 to E CT /E LE . View Article Online 4 states. As seen, the CT and LE excitation energies are similar in both structures. The LE state is found to be higher in energy by ca. 0.25 eV than the CT states. Its oscillator strength is quite strong, f E 1.64, and depends on the position of the acceptor. In contrast, the oscillator strength of CT transitions differs substantially when passing from one state to another. For instance, its value for CT1 in complex I is larger by a factor of 5 than in II. There is a small charge separation in the LE states (q is 0.047 and 0.006 in structures I and II). In the CT states, q is always bigger than 0.94. In Table 1 , we also compare electronic couplings estimated using eqn (2) with the reference data obtained by the FCD method. 6, 7 As seen there is good agreement between the obtained and the FCD values.
We have generalized the Bixon-Jortner-Verhoeven formula to estimate the electronic coupling for photoinduced charge separation. Unlike the original equation, the modified formula may be applied also to systems with small energy gaps between the initial and final states. The quantities E and f required to estimate the coupling are directly available from quantum mechanical calculations and spectroscopic measurements. We have suggested to use the angle between the transition dipole moments of the states to decide whether the two-state approximation is applicable. Using TDDFT calculations we have demonstrated that the suggested formula gives reasonable estimates of electronic coupling for charge separation in heterojunctions.
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